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ABSTRACT Inappropriate and disproportionate use of antibiotics is contributing im-
mensely to the development of antibiotic resistance in bacterial species associated
with food contamination. The use of natural products in combination can be a po-
tent alternative hurdle strategy to inactivate foodborne pathogens. Here, we ex-
plored the pro-oxidant properties of essential oil linalool and vitamin C in combina-
tion with copper (LVC) in combating the foodborne pathogens Vibrio fluvialis and
Salmonella enterica subsp. enterica serovar Typhi using a three-dimensional (3D)
checkerboard microdilution assay. Antibacterial activity in terms of the MIC revealed
that the triple combination exerted a synergistic effect compared to the effects of
the individual constituents. The bactericidal effect of the triple combination was
confirmed by a live/dead staining assay. Reactive oxygen species (ROS) measure-
ments with the terminal deoxynucleotidyltransferase-mediated dUTP-biotin nick end
labeling assay and scanning electron microscopy imaging strongly suggested that
the increase in ROS production is the underlying mechanism of the enhanced anti-
bacterial potency of the LVC combination (linalool [1.298 mM], vitamin C [8 mM],
copper [16.3 �M]). In addition, the hypersensitivity of oxidative stress regulator mu-
tants (oxyR, katG, ahpC, and sodA mutants) toward LVC corroborated the involve-
ment of ROS in cell death. Live/dead staining and changes in cellular morphology
revealed that oxidative stress did not transform the cells into the viable but noncul-
turable (VBNC) state; rather, killing was associated with intracellular and extracellular
oxidative burst. Furthermore, the LVC combination did not display toxicity to human
cells, while it effectively reduced the pathogen levels in acidic fruit juices by 3 to 4
log CFU/ml without adversely altering the organoleptic properties. This study opens
a new outlook for combinatorial antimicrobial therapy.

IMPORTANCE There is a need to develop effective antibacterial therapies for miti-
gating bacterial pathogens in food systems. We used a 3D checkerboard assay to as-
certain a safe synergistic combination of food-grade components: vitamin C, copper,
and the essential oil linalool. Individually, these constituents have to be added in
large amounts to exert their antibacterial effect, which leads to unwanted organo-
leptic properties. The triple combination could exceptionally inhibit foodborne Gram-
negative pathogens like Vibrio fluvialis and Salmonella enterica subsp. enterica serovar
Typhi at low concentrations (linalool, 1.298 mM; vitamin C, 8 mM; copper, 16.3 �M)
and displayed potent microbial inhibition in acidic beverages. We found increased
susceptibility in deletion mutants of oxidative stress regulators (oxyR, katG, ahpC,
and sodA mutants) due to ROS generation by Fenton’s chemistry. The results of this

Citation Ghosh T, Srivastava SK, Gaurav A,
Kumar A, Kumar P, Yadav AS, Pathania R,
Navani NK. 2019. A combination of linalool,
vitamin C, and copper synergistically triggers
reactive oxygen species and DNA damage and
inhibits Salmonella enterica subsp. enterica
serovar Typhi and Vibrio fluvialis. Appl Environ
Microbiol 85:e02487-18. https://doi.org/10
.1128/AEM.02487-18.

Editor Johanna Björkroth, University of Helsinki

Copyright © 2019 American Society for
Microbiology. All Rights Reserved.

Address correspondence to Naveen Kumar
Navani, navnifbs@iitr.ac.in.

T.G. and S.K.S. contributed equally to this
article.

Received 23 October 2018
Accepted 26 November 2018

Accepted manuscript posted online 14
December 2018
Published

FOOD MICROBIOLOGY

crossm

February 2019 Volume 85 Issue 4 e02487-18 aem.asm.org 1Applied and Environmental Microbiology

6 February 2019

https://doi.org/10.1128/AEM.02487-18
https://doi.org/10.1128/AEM.02487-18
https://doi.org/10.1128/ASMCopyrightv2
mailto:navnifbs@iitr.ac.in
https://crossmark.crossref.org/dialog/?doi=10.1128/AEM.02487-18&domain=pdf&date_stamp=2018-12-14
https://aem.asm.org


study show that it may be possible to use plant-based antimicrobials in synergistic
combinations to control microbial contaminants.

KEYWORDS essential oil, ROS, Salmonella enterica subsp. enterica serovar Typhi,
Vibrio fluvialis, antimicrobial agents, copper, foodborne pathogens, oxidative stress,
vitamin C

Infections caused by foodborne bacterial pathogens pose a serious public health
problem worldwide and result in approximately 1.8 million deaths annually (1).

Gastrointestinal diseases associated with Gram-negative enteric pathogens are increas-
ing at an alarming level each year, costing billions of dollars in medical care and lost
productivity (2). Thus, the global burden of foodborne diseases calls for multipronged
strategies for controlling such infections (2, 3). The food industry, in association with the
pharmaceutical industry, is constantly engaged in developing new methods for com-
bating pathogens. Certain Gram-negative bacterial strains, such as those within such
genera as Vibrio, Salmonella, and Escherichia, are major bacterial pathogens implicated
in foodborne illness (4, 5). The emergence of antibiotic resistance among bacterial
pathogens commonly found in foods that will be immediately consumed has prompted
researchers to discover alternatives to antibiotics which are safe for human usage and,
thus, can be applicable to food (6). One such strategy could be the use of a hurdle
technology incorporating antimicrobial plant metabolites and food-grade chemicals at
concentrations that, collectively, synergistically mitigate microbial contamination (7).
Essential oils (EOs) are well-known for their antibacterial activity (8); however, their
weak antibacterial activity leads to the incorporation of higher doses in order to achieve
an antibacterial effect, which renders their usage limited to specific conditions only (9).

Vitamin C is an essential micronutrient in the human diet which is used as a cofactor
by several biosynthetic enzymes (10, 11). Additionally, vitamin C is an important dietary
antioxidant which significantly decreases the adverse effect of reactive oxygen species
(ROS) and reactive nitrogen species. These reactive species cause oxidative damage to
macromolecules, such as lipids, DNA, and proteins (12, 13). Recently, the role of vitamin
C as a pro-oxidant antibacterial molecule against virulent strains of Mycobacterium
tuberculosis was reported (14). This surprising revelation that vitamin C (a known
antioxidant) acts as a pro-oxidant motivated several researchers to investigate the
suitability of vitamin C as an anticancer and antibacterial molecule (12–16). Since
vitamin C is naturally present in several foods, we reasoned that a combination of EOs
with vitamin C and other safe ingredients, like metals, can be used to control foodborne
pathogens.

The essential role of copper in maintaining good health in animals and humans is
well established. As an essential trace element, copper plays a vital role in critical
enzyme systems (15). Copper is readily available through food, but in several cases of
acquired copper deficiency, copper needs to be supplemented (17, 18).

The antimicrobial properties of EOs are well-known and continue to be the subject
of several studies that evaluate their antimicrobial potential as alternatives to chemical
agents in the food industry (16, 19–21). Constituents of EOs belong to a diverse family
of low-molecular-weight organic compounds which have a wide antimicrobial spec-
trum (16, 22, 23). EOs, like carvacrol, eugenol, thymol, linalool, and cinnamaldehyde,
have been studied for their antimicrobial applications against foodborne pathogens
and food spoilage by bacteria (24, 25). Linalool is a generally recognized as safe (GRAS)
terpene alcohol which is used as a fragrance in cosmetics and as a flavoring agent in
the food industry (4, 26). Linalool is produced by more than 200 plants, like holy basil
(Ocimum sanctum), coriander (Coriandrum sativum), palmarosa (Cymbopogon martinii),
sweet orange (Citrus sinensis), and lavender (Lavandula officinalis) (26), and has also
been documented to have holistic effects on human and animal health in Ayurveda
(4, 27).

In this study, the pro-oxidant properties of vitamin C in combination with EOs and
copper were explored in an effort to mitigate Gram-negative pathogens. Initially, we
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tested the antibacterial activity of a combination of copper, vitamin C, and EOs
(carvacrol, eugenol, cinnamaldehyde, and linalool) against these pathogens. Interest-
ingly, it was observed that linalool showed significantly enhanced antibacterial activity
against both Salmonella enterica subsp. enterica serovar Typhi and Vibrio fluvialis when
used in combination with vitamin C and copper. We expanded our conceptual under-
standing of the killing mechanism of the triple combination and investigated the
cellular mechanism of inhibition using a set of biochemical and genetic studies. The
effectiveness of a triple combination of EOs, an essential micro-trace element in
the form of copper, and vitamin C against foodborne pathogens was also tested in
acidic fruit beverages to validate its potential to control three Gram-negative food-
borne pathogens, Salmonella enterica subsp. enterica serovar Typhi, V. fluvialis, and
Escherichia coli.

RESULTS AND DISCUSSION
The synergistic combination of linalool with vitamin C and Cu(II) inhibits

Gram-negative enteric pathogens. EOs contain a wide variety of secondary metab-
olites that are capable of inhibiting diverse groups of bacteria with varied modes of
action (28–30). Carvacrol, eugenol, cinnamaldehyde, and linalool work with different
potencies against bacterial pathogens (16). The antibacterial potencies of EOs (carva-
crol, eugenol, cinnamaldehyde, and linalool) against a set of Gram-negative bacterial
pathogens were ascertained. All the EOs showed MICs above 500 �g/ml against
Escherichia coli, Salmonella enterica subsp. enterica serovar Typhi, Vibrio fluvialis, and
Campylobacter jejuni. The primary concern in using only EOs as food preservatives is
that the concentration of EOs required for effective antimicrobial activity leads to
negative organoleptic effects and alters the natural properties of foods, making them
unacceptable to the consumers (31). Thus, a combinatorial approach with acceptable
dietary ingredients, vitamin C and copper, to enhance the antibacterial activity of EOs
was tested. To ascertain a safe concentration of the triple combination (EOs, vitamin C,
and copper), a three-dimensional (3D) checkerboard microdilution assay was per-
formed with EOs (carvacrol, eugenol, cinnamaldehyde, and linalool) in combination
with vitamin C and Cu(II). The MICs of vitamin C, linalool, and Cu(II), individually, for
pathogens (V. fluvialis, Salmonella enterica subsp. enterica serovar Typhi, and E. coli)
were 32 mM, 7.5 mM, and 212 �M, respectively. Carvacrol, eugenol, cinnamaldehyde,
and linalool showed fractional inhibitory concentration indexes (FICI) of 0.614, 0.714,
0.781, and 0.48, respectively, against the pathogens in combination with Cu(II) and
vitamin C. Carvacrol, eugenol, and cinnamaldehyde were not pursued further, as these
did not show synergistic inhibitory activity against the pathogens. Cu(II),, vitamin C, and
linalool showed synergistic activity at 16.3 �M, 8 mM, and 1.298 mM, respectively,
against V. fluvialis, Salmonella enterica subsp. enterica serovar Typhi, E. coli, and C. jejuni
(Fig. 1A), and these concentrations were considered to be 1� MIC of the combination
linalool, vitamin C, and copper (LVC). The minimal bactericidal concentration (MBC)
against the pathogens was determined to be 2� MIC of LVC. The triple combination at
synergistic concentrations (1� MIC) showed no toxicity to human embryonic kidney
(HEK293) cells (Fig. 1B) and thus was carried forward for further experimentation. The
antibacterial activity of the combination LVC against a panel of probiotic strains,
Lactococcus lactis NZ9000, Lactobacillus brevis, Lactobacillus casei, and Lactobacillus
plantarum, did not show any inhibition (see Fig. S1 in the supplemental material). Since
the combination is ineffective against lactic acid bacteria, the beneficial probiotic gut
bacteria belonging to this category are unlikely to be affected significantly upon the
usage of LVC in food. The resistance of lactic acid bacteria to LVC can be attributed to
differences in cell wall structure, ROS-protective chemicals and enzymes, efflux pumps,
ion-chelating agents, and differences in metabolism (32).

The antibacterial activities of LVC (triple combination), the double combinations,
and the individual components against the bacterial pathogens were tested with a
primary inoculum of 105 CFU/ml. It was observed that LVC was able to produce a
significant 5-log reduction of Salmonella enterica subsp. enterica serovar Typhi counts,
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whereas there was a 4.5-log reduction of V. fluvialis counts (Fig. S2). However, other sets
of combinations [linalool and Cu(II), Cu(II) and vitamin C, linalool and vitamin C] did not
show significant antibacterial activity. To evaluate the extent to which bacterial cells
were killed after treatment with the triple combination, live/dead staining of the target
bacteria (108 CFU/ml) was carried out after 2 h of incubation with LVC (1� MIC). The
stained bacterial cells were analyzed by flow cytometry. After treatment, 52% (�1 log)
of the V. fluvialis cells and 45% (�1 log) of the Salmonella enterica subsp. enterica
serovar Typhi cells were gated in the upper right region, which signified dead (pro-
pidium iodide [PI]-stained) cells (Fig. 1C to F). The rapid and effective reduction of viable
cells observed using real-time analysis confirms the bactericidal activity of LVC. The

FIG 1 (A) Assessment of antimicrobial efficacy of LVC. 3D checkerboard synergy showing isoboles of MICs of and in vitro growth in double and triple
combinations of linalool (Lin), vitamin C (Vit C), and copper [Cu(II)]. Colored lines within each panel indicate the MICs of the double combinations [vitamin C
and linalool, linalool and Cu(II), and vitamin C and Cu(II)]. Black points indicate the MICs of the triple combination of linalool, vitamin C, and copper (LVC). The
black circle indicates the synergistic concentration of all three compounds in the combination (1� MIC of LVC). The fractional inhibitory concentration (FIC)
of the triple compound combination was 0.48. (B) Cytotoxic effect of LVC on cells of the HEK293 cell line. The percent viability of cells of the HEK293 cell line
in the presence of different concentrations of LVC was evaluated with respect to the viability of control cells by the MTT assay. Cell viability in the presence
of different concentrations (0.5� to 10� MIC) of LVC showed a dose-responsive decrease. Sixty percent of HEK293 cells were viable in the presence of 5� MIC
of LVC, which corresponds to 6.49 mM linalool, 40 mM vitamin C, and 81.5 �M Cu(II). The experiment was done in triplicate. Error bars represents the standard
deviation of the mean. A statistically significant difference from the results for untreated cells was tested using a one-way ANOVA (***, P � 0.001). (C to F)
Analysis of killing potential of LVC using live/dead staining by flow cytometry of untreated V. fluvialis cells (C), V. fluvialis cells treated with 1� MIC of LVC (D),
untreated Salmonella enterica subsp. enterica serovar Typhi cells (E), and Salmonella enterica subsp. enterica serovar Typhi cells treated with 1� MIC of LVC (F).
The lower left (LL) region shows unstained cells, the upper left (UL) region represents live cells, and dead cells are seen in the upper right (UR) region. LR, lower
right. Fifty-two percent of V. fluvialis cells and 45% of Salmonella enterica subsp. enterica serovar Typhi cells were killed after 3 h of treatment with 1� MIC of
LVC. (G) In vitro time-kill curves of V. fluvialis and Salmonella enterica subsp. enterica serovar Typhi treated with the synergistic concentration of LVC (1� MIC).
A 2.5-log reduction of the number of cells was observed in the cases of both V. fluvialis and Salmonella enterica subsp. enterica serovar Typhi cells when they
were treated with 1� MIC of LVC. The inhibition of V. fluvialis was comparatively slower than that of Salmonella enterica subsp. enterica serovar Typhi. The
experiment was done in triplicate. Error bars represent the standard deviation of the mean.
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constituents separately and in combinations of two could not induce any damage,
which corroborates the synergistic activity of the triple-compound combination.

To check the potency of LVC, kill kinetic assays against Salmonella enterica subsp.
enterica serovar Typhi and V. fluvialis were carried out. The growth kinetics of Salmo-
nella enterica subsp. enterica serovar Typhi and V. fluvialis were studied at a concen-
tration of 1� MIC of LVC. The kill kinetic profiles (Fig. 1G) showed the significant
(P � 0.001) bactericidal activity of LVC toward both pathogens. Salmonella enterica
subsp. enterica serovar Typhi a showed �1-log reduction in the viable cell count
relative to the initial inoculum after 1 h of exposure and a �2-log reduction after 2 h of
exposure. In the case of V. fluvialis, the reduction of the viable cell count was �1 log
after 2 h of exposure and �2 log after 3 h of exposure in comparison to the count for
the control. The rate of growth inhibition of V. fluvialis was slightly lower than that of
Salmonella enterica subsp. enterica serovar Typhi upon LVC treatment, which could be
due to their differences in their metabolic activity and cellular interaction with LVC.

The effect of LVC treatment on bacterial morphology was studied by scanning
electron microscopy (SEM), which revealed severe damage to the cell membrane at 1�

MIC (Fig. 2A and D; Fig. S3A and B). Exposure of V. fluvialis cells to 0.25� and 0.5� MIC
of LVC resulted in elongation and filamentation (Fig. 2B and C). Bacterial filamentation
can be attributed to the stress response due to inhibition of cell division, DNA damage,
and the SOS response (33). Stress induces the viable but nonculturable (VBNC) state in
various bacteria, which is characterized by very low metabolic activity and the arrest of
cell division, yet these cells stay alive, maintain cellular integrity, and have the ability to

FIG 2 (A to D) Bacterial morphology observed by SEM. Untreated V. fluvialis cells (A), V. fluvialis cells treated with 0.25� MIC of LVC
(B), V. fluvialis cells treated with 0.5� MIC of LVC (C), and V. fluvialis cells treated with MIC of LVC (D) showed severe membrane
damage. Both 0.5� MIC and 0.25� MIC showed alterations in cellular morphology and a weakened cell envelope. Bars, 1 �m. (E and
F) Antibacterial activity of LVC in citrus juice (E) and in pomegranate juice (F). After 12 h of incubation, LVC could effectively reduce
3 to 3.5 log units of cells of Salmonella enterica subsp. enterica serovar Typhi and V. fluvialis in comparison to the amount in the
untreated beverages, whereas linalool alone and the combination of linalool and copper had no effect on the amounts of Salmonella
enterica subsp. enterica serovar Typhi and V. fluvialis. The experiment was done in triplicate. Error bars represent the standard deviation
of the mean. Statistically significant differences from the results for untreated cells were tested using a one-way and a two-way ANOVA
(***, P � 0.001).
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become culturable once resuscitated (34). Flow cytometry coupled with propidium
iodide-SYTO9 staining and scanning electron microscopy were employed for the
detection of cell viability (35). The collapse of cellular integrity (Fig. 2D), DNA damage
(see Fig. 5B), and a 1.5- to 2-log reduction of cells upon 2 h of LVC exposure (Fig. 1C to
F) ruled out the possibility that the cells transformed into the VBNC state, and this was
subsequently confirmed by the bactericidal nature of the compounds.

The LVC combination shows biocompatibility with mammalian cells and red
blood cells (RBCs). Assessment of the toxicity of LVC to mammalian cells and the

compatibility of LVC with mammalian cells was carried out using a standard 3-(4,5-
dimethyl-2- thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT)-based cell viability
assay. More than 80% of HEK293 cells were viable at 3-fold the MIC of LVC. The cell
viability dropped to 50% at 10-fold the MIC of LVC (Fig. 1B). The LVC triple combination
exhibited low hemolysis at up to 5-fold the MIC (65% survival) (Fig. S4). The increased
toxicity of LVC beyond the MICs could be due to the oxidation of hemoglobin (Fe2� to
Fe3�) via Fenton’s reaction, lipid peroxidation, the formation of methemoglobin, or
osmotic pressure (36). The combination can be considered safe for the mammalian
system since the toxicity was observed well beyond the MIC values.

LVC treatment effectively inhibits pathogens in citrus and pomegranate bev-
erages. Many outbreaks of food poisoning have been linked to the spoilage of fruit

beverages by enteric bacteria. Even though fruit juices contain natural constituents
which provide protection against microbes to some extent, juices significantly account
for foodborne illnesses (37). We evaluated the ability of the triple combination to
control food pathogens in unfiltered fruit beverages. The LVC combination reduced the
number of viable cells of Salmonella enterica subsp. enterica serovar Typhi and V.
fluvialis by 3 and 3.5 logs, respectively, in both citrus (Fig. 2E) and pomegranate (Fig. 2F)
juices. The other sets of double combinations did not affect the growth of the bacterial
cells. Citrus and pomegranate juices alone showed some inhibition of the spiked
Salmonella enterica subsp. enterica serovar Typhi and V. fluvialis cells. The influence of
LVC on the sensory attributes (color, sweetness-acidity, flavor, taste, and acceptability)
of the fruit juices was evaluated using a 9-point hedonic scale. No significant change
(P � 0.05) between untreated juices and LVC-treated juices was observed by the
panelists (Fig. S5). However, the panelists perceived a minor change in the flavor of the
treated juices. The usage of very low concentrations of the compounds (MICs) can be
the reason for the insignificant change in the juices’ attributes. The high overall
acceptance rate by the panelists confirms that LVC addition to the acidic juices does not
significantly alter the organoleptic characteristics.

Synthetic lethality screen reveals that LVC is a potent activator of genes
implicated in oxidative stress regulation. Since vitamin C and divalent metals are
known to generate free radicals through Fenton’s chemistry, we reasoned that ROS
could play a significant role in inhibiting the bacterial cells by causing oxidative damage
to nucleic acids, peroxidation of lipids, and ionization of carbohydrates and proteins
(38). To understand the genetic basis of bacterial killing by the triple combination, a
battery of E. coli knockout strains of oxygen stress regulators, efflux pumps, and DNA
repair proteins (Table S1) was exposed to 0.5� MIC of the triple combination, and
growth inhibition of E. coli was observed (Fig. 3A). Interestingly, among the single
knockout strains of E. coli, the �oxyR, �ahpC, and �katG strains exhibited a high
sensitivity and displayed 80% to 90% growth inhibition in the presence of LVC. Growth
inhibition to a lesser extent (50% to 70%) was also observed in the �sodA, �soxS, and
�cpxP mutants, whereas the �tolC and �recA E. coli strains were inhibited by up to 50%.

OxyR and SoxR regulators respond primarily to H2O2 and superoxide, respectively
(39, 40). H2O2 inactivates Fe-S clusters and activates Fenton’s reaction. Due to the loss
of iron and copper from enzyme clusters, enzymes lose their activity, leading to cellular
damage. Enzymes like KatG, AhpC, and KatE scavenge H2O2 and balance the action of
ROS inside the cell (41, 42); hence, they could account for the lethality seen in case of
the �oxyR, �katG, and �ahpC strains of E. coli on LVC treatment.
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The SoxS regulon system protects Gram-negative bacterial cells against superoxide
radicals, which eventually leads to hydroxyl radical formation (43, 44). The synthetic
lethality against LVC treatment observed in the case of the ΔsodA and ΔsoxS mutants
was not as severe as that observed with the knockout strains of the oxyR regulon. The
SoxS-SoxR system is also known to activate the ΔtolC-acrAB efflux system, which pumps
out redox cycling compounds during oxidative stress (45). The ΔtolC strain showed 20%
to 30% growth inhibition when exposed to LVC, which could have been due to the
accumulation of redox cycling compounds in the cell in the absence of the efflux pump.

We reasoned that LVC treatment might lead to iron uptake inside the bacterial cells
and, hence, used inductively coupled plasma mass spectrometry (ICP-MS) to measure
the cellular influx of the two metals (iron and copper). During peroxide stress, iron
import into the cell has been reported to increase due to overexpression of Fur proteins
(46, 47). The iron and copper levels in the cells increased by 4- and 2-fold, respectively,
upon LVC treatment but not upon treatment with the individual components (Fig. 3B
and C). The increased concentration of iron and copper inside the cell could be a
probable reason for the enhanced cell death. The CpxRA two-component system
regulon responds to cell envelope damage (48, 49). CpxA activates the genes respon-
sible for oxidative stress, which can account for the high level of synthetic lethality (80%
inhibition) observed in the ΔcpxA E. coli strain on LVC treatment. This was further
corroborated by membrane permeability studies, which confirmed envelop stress upon
LVC treatment. The LVC combination was effective in permeabilizing both the outer

FIG 3 Synthetic lethality screening and determination of probable mode of action. (A) Heat map showing the sensitivity
of E. coli knockout strains to 0.5� MIC of LVC. The percent growth inhibition of strains with knockouts of transcription
regulators, DNA repair regulators, and efflux pumps treated with 0.5� MIC of LVC was ascertained. Oxidative stress
regulators showed the highest response to LVC, followed by DNA repair regulators and efflux pumps. Inhibition of growth
in ΔoxyR, ΔkatG, ΔsodA, and ΔsoxS E. coli cells indicates triggering of oxidative damage by LVC. WT, wild type. (B and C)
The cellular iron (B) and copper (C) content in the cells was analyzed by ICP-MS. Cells were treated with copper alone and
in different combinations with linalool and vitamin C to see the effect of ROS on the cellular metal content. Four- and 2-fold
increases in the intercellular iron and copper content, respectively, account for the steady influx of these metals due to ROS
generation. The experiment was done in triplicate. Error bar represents the standard deviation of the mean.
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and the inner membranes of E. coli ML-35p (Fig. S6A and B), which was monitored by
the use of nitrocefin (for outer membrane permeability) and o-nitrophenyl-�-D-
galactopyranoside (ONPG; for inner membrane permeability) as probes. Other combi-
nations did not show significant permeabilization.

LVC treatment leads to hydroxyl radical formation. Growth inhibition in the
�oxyR, �soxS, �katG, and �sodA strains by the LVC triple combination prompted us to
investigate the status of hydroxyl ion (·OH) production in vivo. ·OH production in vivo
was studied by measuring fluorescence using the hydroxyphenyl fluorescein (HPF) dye
(50). Forty-four percent of V. fluvialis cells showed an increase in ROS levels after
exposure to 0.5� MIC of LVC. A minor increase in ROS levels was observed when the
cells were treated with the combination of vitamin C (8 mM) and Cu(II) (16.3 �M) (Fig.
4A; Fig. S7 and S8). Only a small percentage of cells exhibited autofluorescence without
dye upon LVC treatment (Fig. 4B). A minor change in cellular morphology may account
for the low autofluorescence of the cells (51).

The likely involvement of iron and copper in Fenton’s chemistry is presented in
equations 1 and 2.

Cu�I� ⁄ Fe�II� � H2O2 → Cu�II� ⁄ Fe�III� � ·OH � OH� (1)

Cu�II� ⁄ Fe�III� � ascorbate ⁄ linalool → Cu�I� ⁄ Fe�II� � dehydroascorbate ⁄ linalool oxide

(2)

The generation of ROS in response to LVC treatment indicates that oxidative stress
is the most probable reason for the lethality of the triple combination against the
pathogens tested in this study.

FIG 4 (A) Determination of ·OH radical generation via detection of HPF by flow cytometry. Hydroxyl radical generation in V. fluvialis cells
treated with LVC alone and with different combinations of linalool, vitamin C, and copper was plotted. V. fluvialis cells showed a significant
increase in ·OH levels after exposure to 0.5� MIC of LVC. Only minor shifts were observed when the cells were treated with the double
combination of vitamin C (8 mM) and Cu(II) (16.3 �M). The shifts in the peaks showed significant ROS generation by LVC. (B) Only a small
percentage of cells showed autofluorescence when treated with LVC (no HPF dye). (C) ROS quencher-mediated growth recovery. The
growth profile of V. fluvialis showed cell growth recovery after addition of the ROS quencher. Thiourea at 100 mM could protect the cells
from LVC-induced damage. Methyl viologen was used as a positive control (ROS producer). The experiment was done in triplicate. Error
bars represent the standard deviation of the mean.
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Thiourea alleviates the effect of ROS in LVC-treated cells. In order to confirm if
the inhibition of the enteric pathogens by LVC was dependent on ROS, the ability of
thiourea (a hydroxyl radical quencher) to scavenge ROS was tested (50). The bacterial
cells treated with LVC and thiourea (100 mM) showed a revival of growth, whereas the
cells treated only with LVC did not (Fig. 4C). Also, thiourea- and LVC-treated cells
showed longer lag and log phases than the control cells. The revival of the cells in the
presence of thiourea further confirmed ROS generation by LVC.

LVC induces DNA damage in target cells. The elongation of V. fluvialis cells treated
with the LVC combination, as observed by SEM (Fig. 2B), could be an indication of
an SOS response and inhibition of cell division (33). To monitor the effect of the
triple combination on the SOS response, sulA::GFP cells were used as a reporter (52).
Upon exposure to LVC, considerable induction of green fluorescent protein (GFP)
compared to that for the controls was observed (Fig. 5A). The cell elongation and
activation of the sulA promoter upon LVC exposure point toward inhibition of cell
division, which is known to occur by the SOS response via inhibition of FtsZ ring
formation (53). To further evaluate the DNA damage in V. fluvialis and Salmonella
enterica subsp. enterica serovar Typhi after LVC treatment, we performed a terminal
deoxynucleotidyltransferase-mediated dUTP-biotin nick end labeling (TUNEL) assay
(54). After LVC treatment, the proportion of TUNEL-positive V. fluvialis cells was 35% of
the number of TUNEL-positive untreated cells (Fig. 5B). In the case of treatment with
thiourea-supplemented LVC, the proportion of TUNEL-positive cells was less than 5%,
which indicated that quenching of ROS by thiourea led to the decrease in DNA
fragmentation. Taken together, these results highlight the role of the triple combina-
tion on DNA fragmentation and the SOS response in V. fluvialis and Salmonella enterica
subsp. enterica serovar Typhi which could be attributed to ROS production.

An in vitro nicking assay with supercoiled plasmid DNA revealed time-dependent
DNA nicking, which was inhibited in the presence of the free radical scavenger thiourea
(Fig. 5C). This corroborates the earlier observation that LVC leads to ROS production,
resulting in DNA damage.

Gram-negative bacterial pathogens pose a formidable challenge for antibacterial
therapies. The development of antibiotic resistance further compounds this problem.
Since conventional antibiotics cannot be added to food systems to control food
spoilage by bacteria, there is a need to develop safe, acceptable chemicals and natural
products as alternatives to antibiotics. Due to their mild antibacterial activity, EOs are
required to be added at high concentrations, which lead to the deterioration of
organoleptic properties. In the present study, we propose a combination of three
food-grade ingredients which proved effective in controlling V. fluvialis and Salmonella
enterica subsp. enterica serovar Typhi. Linalool (considered a weak antibacterial) acts in
a synergistic manner with vitamin C and copper as an effective antibacterial combina-
tion. Using biochemical and synthetic lethality data, we deciphered the mechanism for
the efficacy of the triple combination. The proposed molecular mechanism of triple
synergy was demonstrated by free radical generation through Fenton’s reaction and its
aftereffects (membrane disintegration, DNA damage, inhibition of cell division appa-
ratus, disruption of the iron-sulfur cluster, the influx of iron, and energy imbalance) (Fig.
6). Triple synergy between GRAS status ingredients has not been explored to control
contaminating bacterial species. The advantage of triple synergy obviates the need for
a high dosage of the individual antibacterial chemicals to be added to the food for
effective bacterial inhibition. The levels of the three components used are well below
the safe limits and did not alter the organoleptic properties significantly. In the
presence of vitamin C and linalool, Fenton’s reaction is catalyzed, which leads to
bactericidal ·OH (hydroxyl radical) formation. The effect of LVC on compromising the
membrane integrity, the generation of lethal free radicals, and degradation of the DNA
of target bacterial cells ensures that cells are not able to transform into a viable but
nonculturable (VBNC) state. The effectiveness of this antibacterial regimen was also
demonstrated in fresh acidic beverages. This study also provides an alternative to
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FIG 5 DNA damage study of V. fluvialis. (A) Assessment of genotoxicity of LVC using the sulAp::GFP
biosensor. The graph shows the induction of the sulA promoter upon exposure to LVC. The experiment
was done in triplicate. Error bars represent the standard deviation of the mean. A statistically significant
difference from the results for untreated cells was tested using a one-way ANOVA (***, P � 0.001). (B)
Histogram of TUNEL assay results showing DNA fragmentation in untreated V. fluvialis cells (black), V.
fluvialis cells treated with LVC (red), and V. fluvialis cells treated with thiourea as an ROS quencher (blue).
A reduction of the shift in thiourea-treated cells in comparison to cells treated only with LVC explains the
inhibition of DNA fragmentation induced by oxidative stress by LVC upon quenching of ROS. (C) In vitro
DNA-nicking assay. Lane 1, pBR322 only; lane 2, pBR322 and H2O2; lane 3, pBR322, H2O2, and 0.5� LVC
incubated for 1 min; lane 4, pBR322, H2O2, and 0.5� LVC incubated for 3 min; lane 5, pBR322, H2O2, and
0.5� LVC incubated for 8 min; lane 6, pBR322, H2O2, and 0.5� LVC incubated for 15 min; lane 7, pBR322
and 0.5� LVC incubated for 15 min; lane 8, pBR322, H2O2, 0.5� LVC, and 100 mM thiourea; lane 9, linear
pBR322; lane 10, 1-kb ladder. This figure shows that LVC could effectively nick supercoiled DNA, whereas
thiourea could inhibit the oxidative effect of LVC, keeping the supercoiled structure of the DNA intact.
SD, supercoiled DNA; RD, relaxed DNA; LD, linear DNA.
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conventional chemical preservatives, like acids, hydrogen peroxide, and chelators, in
food and that can be extended to replace parabens in cosmetics. Though we have
shown the safety of this regimen for human cell lines and RBCs, further toxicological
studies are warranted to boost the confidence in the proposed antibacterial combina-
tion. It is also tempting to speculate that such combinations may also have potential as
therapeutics, which should be followed by efficacy assessments in animal models.

MATERIALS AND METHODS
Media, chemicals, and bacterial strains. All EOs (linalool, carvacrol, eugenol, cinnamaldehyde) and

antibiotics used in this study were obtained from Sigma-Aldrich, USA. Copper sulfate [CuSO4; Cu(II)],
ascorbic acid (vitamin C), Luria-Bertani (LB) broth, and Mueller-Hinton (MH) broth were obtained from
Merck, Germany. E. coli knockout strains were taken from the Keio Collection library (55). The bacterial

FIG 6 Schematic representation of the probable mode of action of bacterial cell inhibition using LVC. Exposure of LVC to the target cells
leads to membrane damage. Upon entering the cells, vitamin C and linalool in combination with copper produce reactive oxygen species.
Copper is much more catalytically efficient than iron in generating hydroxyl radicals (71). The increased pro-oxidant activity of vitamin C
and linalool leads to an influx of iron inside the cells, which further sustains Fenton’s reaction. The generation of hydroxyl radicals via
Fenton’s reaction causes DNA lesions and disrupts the iron-sulfur cluster of proteins and the redox balance of the cell.
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strains E. coli (ATCC 25922) and Salmonella enterica subsp. enterica serovar Typhi (ATCC 14901) were
obtained from the American Type Culture Collection (ATCC), USA. V. fluvialis L-15318 (Ampr Nalr Neor Sulr

Trir Tetr Chlr Cipr Kanr Norr Oxar Vanr), a multiple-antibiotic-resistant clinical strain, was a kind gift from
Amit Ghosh of the National Institute of Cholera and Enteric Diseases, Kolkata, India. E. coli ML-35p was
a kind gift from Liam Good of the Royal Veterinary College, University of London, London, United
Kingdom (56). The pANO1-based E. coli sulA::GFP reporter strain was a kind gift from Soren J. Sorensen,
University of Copenhagen, Copenhagen, Denmark (52). Lactococcus lactis NZ9000 was obtained from
MoBiTec, Germany. Lactobacillus brevis, Lactobacillus plantarum, and Lactobacillus casei were isolated
from Himalayan yak cheese, and Campylobacter jejuni was obtained from the Central Avian Research
Institute (CARI; Izzatnagar, India). The strains were identified using 16S rRNA gene sequencing.

Growth conditions and growth inhibition of bacterial strains. The antibacterial activity of natural
products and combinations was determined by broth microdilution assays (CLSI, 2009) with inoculation
of approximately 105-CFU/ml suspensions of the bacterial cultures in MH broth (57). Natural products
were prepared as a 1:10-diluted stock in dimethyl sulfoxide (DMSO), subsequently diluted with water,
and emulsified by sonication. Cellular growth in the presence of EOs was observed by determination of
the optical density (OD) at 600 nm (OD600) after 12 h. Growth at a level above 10% of the OD600 for the
positive control (lacking any antimicrobial agent) was considered uninhibited growth. The lowest
concentration of the compound which prevented the visible growth of the bacteria was determined to
be the MIC, and subsequently, 10 �l was plated on MH agar to determine the minimal bactericidal
concentration (MBC) (58). The positive-control well also contained DMSO at a concentration of 0.15%,
and this concentration was used in all antimicrobial experiments performed in this study. The percentage
of bacterial growth inhibition was calculated using the following formula:

percent growth inhibition � 100 	 �ODtest control � ODnegative control� ⁄ �ODpositive control � ODnegative control�
Determination of triple-synergy activity of LVC. The MIC of linalool, vitamin C, and copper (LVC)

was determined using two-dimensional (2D) and 3D checkerboard microdilution methods in MH broth
with a final inoculum of approximately 105 CFU/ml. Microdilution plates for the evaluation of triple drug
combinations were set up using a microtiter plate containing no linalool and increasing concentrations
of Cu(II) ranging from 0.379 �M to 388 �M on the x axis and increasing concentrations of vitamin C
ranging from 0.25 to 32 mM on the y axis. To each of the subsequent five plates, a fixed concentration
of linalool (0.324 mM, 0.694 mM, 1.298 mM, 2.596 mM, 5.189 mM) was added, along with increasing
concentrations of Cu(II) ranging from 0.379 �M to 388 �M on the x axis and increasing concentrations
of vitamin C ranging from 0.25 to 32 mM on the y axis. Likewise, the concentrations of carvacrol (in
place of linalool) were kept at 0.662 mM, 1.324 mM, 1.986 mM, 2.684 mM, and 3.31 mM, and the
concentrations of cinnamaldehyde and eugenol were kept at 0.751 mM, 1.502 mM, 3.004 mM, 3.775 mM,
and 5.27 mM. MICs and fractional inhibitory concentrations (FICs) were determined after 12 h of growth.
The MIC of LVC was defined as the concentration in the well in the microtiter plate with the lowest drug
combination at which no visible growth was observed. A fractional inhibitory concentration index (FICI)
value lower than 0.5 indicates synergistic activity, a FICI value of �0.5 to �1 indicates partial synergy, a
FICI value of 1.0 indicates an additive effect, and a FICI value of �1 indicates an antagonistic effect (59,
60). The synergy of the antibiotic combinations was calculated using the FICI, where the MIC of the
antibiotic compound in the combination is divided by the MIC of the compound alone, yielding the
fractional contribution of each drug component in the combination. Synergy for all compounds in a
combination is summed, and drug interactions were scored using the following formula:

FICI � ��MIC A combA-B-C� ⁄ MICA� � ��MIC B combA-B-C� ⁄ MICB� � ��MIC C combA-B-C� ⁄ MICC�
where MIC A combA-B-C, MIC B combA-B-C, and MIC C combA-B-C are the MICs of compounds A, B, and C
in the combination of compounds A, B, and C (combA-B-C), respectively, and MICA, MICB, and MICC are the
MICs of compounds A, B, and C alone.

Viability analysis of Salmonella enterica subsp. enterica serovar Typhi and V. fluvialis treated
with the MIC of LVC. To study the bactericidal effect of LVC on Salmonella enterica subsp. enterica
serovar Typhi and V. fluvialis, live/dead staining of the pathogens was carried out. Suspended cells (108

CFU/ml) were treated with the MIC values of LVC [1.298 mM linalool, 8 mM vitamin C, and 16.3 �M Cu(II)],
whereas untreated cells were taken as the control. After incubation for 2 h, bacterial samples were
centrifuged at 5,000 rpm for 10 min at 4°C, the supernatant was discarded, and the cell pellet was
resuspended in 100 �l of 0.9% phosphate-buffered saline (PBS). Untreated and treated samples were
stained with 1 �l of 1:1 mixture of solutions A and B of the live/dead staining kit (LIVE/DEAD BacLight
bacterial viability kit; Thermo Scientific, USA). An untreated and unstained sample was used as the
control. The samples were analyzed using flow cytometry (BD FACSVerse flow cytometer; BD Biosciences,
USA) with excitation at a wavelength of 488 nm and emission at a wavelength of 527 to 532 nm for
SYTO9-stained (live) cells and excitation at a wavelength of 526 nm and emission at a wavelength of
575 nm for PI-stained (dead) cells. For each sample, 10,000 cells were collected. The photomultiplier tube
(PMT) voltage settings used were as follows: for forward scatter (FSC), 450 to 500 V; for side scatter (SSC),
350 to 400 V; for fluorescein isothiocyanate (FITC), 650 to 700 V; and for phycoerythrin (PE), 545 V. Sphero
rainbow calibration particles were used for instrument calibration.

In vitro time-kill kinetics. The antibacterial activity of the LVC combination against Salmonella
enterica subsp. enterica serovar Typhi and V. fluvialis cells was assessed by time-kill analysis as described
previously (61, 62). Cells of each bacterial strain (105 CFU/ml) were incubated with the MIC of LVC at 37°C
and shaking at 250 rpm. Aliquots were removed from each tube at 0, 30, 60, 90, 120, 150, and 180 min
after addition of the MIC of LVC, and diluted samples were spread on MH agar plates in triplicate. The
plates were incubated at 37°C for 12 h, and the colonies were counted.
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Characterization of bacterial morphology by SEM. To understand the morphological changes in
the bacterial cells upon treatment with 1� MIC, 0.5� MIC, and 0.25� MIC of LVC, scanning electron
microscopy (SEM) analysis was performed. Treated and untreated cells were washed twice with PBS and
were harvested by centrifugation at 5,000 rpm for 10 min. The cells were primarily fixed with 2%
glutaraldehyde, followed by gradual dehydration with an ethanol gradient (25%, 50%, 70%, 80%, 90%,
and 100%). The prepared samples were coated with a layer of gold and observed under an SEM (Ultra
Plus Field Emission; Carl Zeiss Meditec AG, Germany) (63).

Screening of Keio Collection E. coli knockout mutants. E. coli mutant strains from the Keio
Collection were grown on fresh LB medium plates containing 20 �g/ml kanamycin (all bacterial strains
from the Keio Collection are kanamycin resistant). Hypersensitive E. coli knockout mutants were selected
on the basis of the percent growth inhibition of the strains treated with 0.5� MIC of LVC in culture tubes
containing 5 ml MH broth. The percent growth inhibition of the knockout strain was computed as
follows:

percent growth inhibition � 100 	 �ODtest control � ODnegative control� ⁄ �ODpositive control � ODnegative control�
Determination of ROS by flow cytometry. For in vivo measurements of hydroxyl radical generation,

a fluorescent reporter dye, hydroxyphenyl fluorescein (HPF; Invitrogen, USA), which is oxidized by
hydroxyl radicals with a high specificity, was used for the detection of free radicals. Overnight cultures
of Salmonella enterica subsp. enterica serovar Typhi and V. fluvialis were subcultured until an OD600 of 0.5
was attained. The cells were diluted to 105 CFU/ml, treated with 0.5� MIC of LVC, and incubated at 37°C
with shaking at 250 rpm. After treatment, 100-�l samples were collected and centrifuged at 5,000 rpm
at 4°C. The cells were washed twice with PBS and resuspended in PBS and 5 �M HPF. Samples were
incubated in the dark at room temperature for 1 h. After incubation, the cells were washed twice with
500 �l of PBS to remove the excess dye and resuspended in PBS for fluorometric analysis. Hydroxyl
radical generation was analyzed by flow cytometry with excitation at a wavelength of 488 nm and
emission at a wavelength of 527 to 532 nm. For each sample, 10,000 events were recorded. The
photomultiplier tube (PMT) voltage settings used were as follows: for FSC, 450 V; for SSC, 350 V, and for
FITC, 700 V. Sphero rainbow calibration particles (BD Biosciences, USA) were used for instrument
calibration.

ROS quenching assay. For hydroxyl radical quenching experiments, overnight cultures of V. fluvialis
were subcultured until an OD600 of 0.5 was attained. The cells were diluted to 105 CFU/ml and incubated
with 100 mM thiourea and the MIC of LVC at 37°C with shaking at 250 rpm. Bacterial growth was
observed, and the OD600 was determined after fixed time intervals. Methyl viologen (0.5� MIC) was used
as a positive control (64, 65).

Determination of cellular metal content. To determine the cellular metal content, inductively
coupled plasma mass spectrometry (ICP-MS) analysis was carried out. Three milliliters of 105 CFU/ml V.
fluvialis cells was incubated with the components of LVC at 0.5� MIC, viz., Cu (8.15 �M), linalool plus Cu
(1.292 mM and 8.15 �M, respectively), vitamin C plus Cu (8 mM and 8.15 �M, respectively), and linalool
plus vitamin C and Cu (1.292 mM, 4 mM, and 8.15 �M, respectively), in LB broth. Cells were grown for 6
to 8 h, and 1 ml was harvested, washed twice with cold 50 mM Tris-Cl (pH 7.5), and resuspended in 70%
nitric acid. The samples were then heated to 100°C until the acid vaporized and again resuspended in
1 ml 3% nitric acid solution. The samples were analyzed by ICP-MS (PerkinElmer, USA) at the Institute
Instrumentation Centre, Indian Institute of Technology (IIT) Roorkee (66).

SOS response to LVC. To monitor DNA damage by LVC, a sulA reporter strain (pNAOI-sulA::GFP)
which expresses GFP as a reporter of DNA damage inside the cell was used (52). Cells were grown at 37°C
and 250 rpm in LB medium until an OD600 of 0.2 was reached. Bacterial cell cultures were induced with
0.5� MIC of LVC. To quantify the fluorescence intensity, 1 ml of bacterial culture was harvested after 3 h
of induction, washed twice, and resuspended in 500 �l PBS. Expression of GFP was measured using a
SpectraMax M2e microplate reader in a black opaque 96-well plate (Corning 96; Corning, USA) at an
excitation wavelength of 485 nm and an emission wavelength of 520 nm. The numbers of relative
fluorescence units (RFU) were calculated by dividing individual fluorescence values by the respective
optical densities (49). The number of RFU was normalized to that achieved with nalidixic acid using
OriginPro 8 software (version 8.0274).

Determination of DNA fragmentation using TUNEL assay. Terminal deoxynucleotidyltransferase-
mediated dUTP-biotin nick end labeling (TUNEL) assays were performed according to the manufacturer’s
instructions (Roche Molecular Biochemicals, Germany). V. fluvialis was grown in MH broth at 37°C with
constant shaking at 250 rpm. For DNA fragmentation studies, subcultured cells were diluted to 105

CFU/ml and pretreated for 2 h with 0.5� MIC of LVC. After incubation, the cells were washed thrice in
PBS and fixed in freshly prepared 4% formaldehyde in PBS for 2 h at room temperature. The cells were
washed with PBS and permeabilized in 0.1% Triton X-100 and 0.1% sodium citrate. The cells were placed
in 50 �l of freshly prepared TUNEL reagent and incubated in the dark for 1 h at 37°C in a humidified
chamber. After incubation, the cells were washed thrice with PBS, and samples were analyzed by flow
cytometry at the FITC filter settings described above. Thiourea at a concentration of 100 mM was used
to study the effect of the ROS quencher on DNA damage.

DNA-nicking assay. An in vitro DNA-damaging assay was performed using the pBR322 plasmid
purified by use of a Nuclepore plasmid isolation kit (Nuclepore, Genetix, India). The total reaction was
carried out in 10 �l of Tris-EDTA (TE) buffer (10 mM Tris-Cl, 1 mM EDTA) containing 100 ng the pBR322
plasmid. Nine reaction mixtures were set up using only pBR322 incubated for 20 min; 1 mM H2O2 and
pBR322 incubated for 20 min; 1 mM H2O2, pBR322, and 0.5� MIC of LVC incubated for 1, 3, 8, and 20 min;
pBR322 and 0.5� MIC of LVC incubated for 15 min; 1 mM H2O2, pBR322, 0.5� MIC of LVC, and 100 mM
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thiourea incubated for 20 min; and pBR322 digested with SalI (Thermo Scientific, USA). The samples were
run in a 1% agarose gel at 80 V for 30 min and stained with 10 �g/ml ethidium bromide. The gel was
photographed and documented with a Bio-Rad Gel Doc XR� system (Bio-Rad, USA).

Outer cell membrane permeabilization assay. Outer membrane permeability was determined as
described by Eriksson et al. (56). Briefly, E. coli strain ML-35p cells, which carry a plasmid-borne
�-lactamase gene, were grown in LB medium to an OD600 of 0.4; washed twice with PBS (pH 7.4),
followed by centrifugation at 5,000 rpm; and suspended in 10 mM HEPES buffer (pH 7.4) to an OD600 of
0.5. The permeabilization assays were carried out in 96-well microtiter plates with wells containing 100 �l
of 5 mM HEPES (pH 7.4), 20 �g/ml nitrocefin, and bacterial cells diluted to an OD600 of 0.1. Following
addition of the test compounds [Cu(II) alone, linalool alone, vitamin C alone, Cu(II) and linalool, Cu(II) and
vitamin C, linalool and vitamin C, 0.5� MIC of LVC, 1� MIC of LVC], nitrocefin cleavage was monitored
by measuring the absorbance at 486 nm.

Inner cell membrane permeabilization assay. Permeabilization of the inner membrane was
assessed by measuring the access of ortho-nitrophenyl-�-D-galactopyranoside (ONPG) to the cytoplasm
as described by Eriksson et al. (56). E. coli ML-35p cells were prepared as described above. Briefly, ONPG
was added at a concentration of 100 �g/ml, and substrate cleavage by �-galactosidase in the presence
of permeabilizers [Cu(II) alone, linalool alone, vitamin C alone, Cu(II) and linalool, Cu(II) and vitamin C,
linalool and vitamin C, 0.5� MIC of LVC, 1� MIC of LVC] was monitored by measuring the absorbance
at 420 nm. Polymyxin B sulfate (0.5 �g/ml) was used as a positive control.

Cytotoxicity assay. A cytotoxic activity assay was performed according to a slight modification of
the procedure reported by Mosman (67). Human embryonic kidney 293 (HEK293) cells (5 � 103 cells/well)
were plated in 96-well plates and treated with 0.5�, 1�, 2�, 5�, or 10� MIC of LVC for 4 h at 37°C in
5% CO2 with 80% humidity. Control groups received the same amount of PBS. The growth of HEK293
cells was determined by examination of the ability of the living cells to reduce the yellow dye
3-(4,5-dimethyl-2- thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) to a blue formazan product. At
the end of 4 h of incubation, the medium in each well was replaced by fresh medium containing 1 mg/ml
of MTT. After 4 h of treatment, the formazan product of MTT reduction was dissolved in DMSO and the
absorbance was measured at 570 nm. The absorbance of the untreated cells was taken as 100% viability
as a reference. The effect of the different concentrations of LVC was quantified as the percent reduction
in viability in comparison with that of the control cells. Experiments were performed in triplicate.

Hemolytic assay. The hemolytic assay was done as described by Malagoli (68) with slight modifi-
cations. Blood samples were drawn from volunteers per human ethics considerations by trained technical
staff of the pathology lab of IIT Roorkee. Blood was centrifuged at 1,500 rpm, and the pellet was washed
three times with PBS. After each washing, the cells were pelleted by centrifugation at 900 rpm for 5 min
and the supernatant was discarded. The final pellet was diluted 1:9 (vol/vol) in PBS and subsequently
diluted to 1:24 (vol/vol) in PBS, pH 7.0. Red blood cell suspensions (final volume, 1 ml) were incubated
with 0.5�, 1�, 2�, 3�, 5�, or 10� MIC of LVC. The samples were incubated for 4 h at 37°C. Total lysis
of the erythrocyte suspension was obtained by incubating the cells with 1% (vol/vol) Triton X-100. In
order to evaluate the degree of spontaneous lysis, tubes containing exclusively the red blood cell
suspension in PBS were set. After incubation, the cell suspensions were centrifuged at 1,500 rpm for
10 min and the supernatant was carefully collected. The absorbance at 540 nm of the supernatant was
taken using the SpectraMax M2e microplate reader. The value of the absorbance of erythrocytes
maintained exclusively in PBS was taken as the negative control. Hemolysis levels were expressed as a
percentage of RBC survival. The absorbance of cells treated with Triton X-100 was taken as 100%
hemolysis. The percent survival of RBCs treated with different concentrations of drug was calculated by
subtracting the percent hemolysis of treated cells from that of cells treated with Triton X-100. Protocol
(BT/HE/NKN/2016-17/001) for using human samples for biomedical research purpose has been duly
approved by the Institutional Ethics Committee of the Indian Institute of Technology Roorkee, India.

Antimicrobial activity assay of LVC in fruit beverages. To ascertain the suitability of LVC in fruit
beverages, the antimicrobial efficacy of LVC against V. fluvialis and Salmonella enterica subsp. enterica
serovar Typhi was assayed. Fresh citrus and pomegranate fruits were washed, peeled, and blended. A
bacterial suspension (104 CFU/ml) was spiked in 50 ml juice containing 1� MIC of LVC. The samples were
incubated at 37°C for 12 h. After incubation, samples were diluted and 100 �l of the sample was spread
on MH agar plates. Cells were counted after 12 h of incubation at 37°C (69).

Sensory evaluation of fruit juices. Consumer acceptability of the LVC-treated juice was assessed as
described by Walkling-Ribeiro et al. (70). Twenty untrained panelists ages 20 to 35 years were selected
for the study, and the results were compared in terms of product-specific odor, sweetness, color, acidity,
flavor, and overall acceptability on a 9-point hedonic scale, with 1 being the lowest acceptability and 9
being the highest acceptability. Nonsalted crackers and water were provided to eliminate the residual
taste between samples. LVC at 1� MIC (linalool, 1.298 mM; vitamin C, 8 mM; copper, 16.3 �M) was
homogeneously mixed with fresh citrus and pomegranate juice, and the mixture was evaluated for
alterations in sensory attributes.

Statistical analysis. Analysis for differences between the treatment and control arms was performed
using the chi-square test and one-way and two-way analysis of variance (ANOVA). P values of �0.05 were
considered significant. Statistical calculations were performed using GraphPad Prism (version 5) software.
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